The baker's yeast Saccharomyces cerevisiae possesses a single gene encoding heat shock transcription factor (HSF), which is required for the activation of genes that participate in stress protection as well as normal growth and viability. Yeast HSF (yHSF) contains two distinct transcriptional activation regions located at the amino and carboxyl termini. Activation of the yeast metallothionein gene, CUP1, depends on a nonconsensus heat shock element (HSE), occurs at higher temperatures than other heat shock-responsive genes, and is highly dependent on the carboxyl-terminal transactivation domain (CTA) of yHSF. The results described here show that the noncanonical (or gapped) spacing of GAA units in the CUP1 HSE (HSE1) functions to limit the magnitude of CUP1 transcriptional activation in response to heat and oxidative stress. The spacing in HSE1 modulates the dependence for transcriptional activation by both stresses on the yHSF CTA. Furthermore, a previously uncharacterized HSE in the CUP1 promoter, HSE2, modulates the magnitude of the transcriptional activation of CUP1, via HSE1, in response to stress. In vitro DNase I footprinting experiments suggest that the occupation of HSE2 by yHSF strongly influences the manner in which yHSF occupies HSE1. Limited proteolysis assays show that HSF adopts a distinct protease-sensitive conformation when bound to the CUP1 HSE1, providing evidence that the HSE influences DNA-bound HSF conformation. Together, these results suggest that CUP1 regulation is distinct from that of other classic heat shock genes through the interaction of yHSF with two nonconsensus HSEs. Consistent with this view, we have identified other gene targets of yHSF containing HSEs with sequence and spacing features similar to those of CUP1 HSE1 and show a correlation between the spacing of the GAA units and the relative dependence on the yHSF CTA.
All organisms possess a highly conserved response to elevated temperatures and to a variety of chemical and physiological stresses commonly designated as the heat shock response (38) . In eukaryotic cells this response involves the rapid activation of a transcription factor known as heat shock transcription factor (HSF) (70) . Once activated, HSF induces the expression of genes whose products ensure the survival of the cell during stressful conditions by providing defense against general protein damage. These heat shock proteins (Hsps) also play essential roles in the synthesis, transport, translocation, proteolysis, and proper folding of proteins under both normal and stressful conditions (38) . Although the heat shock response is conserved among eukaryotes, both the number and overall sequence of HSFs vary widely among different species. Yeasts (Saccharomyces cerevisiae, Schizosaccharomyces pombe, and Kluyveromyces lactis) and Drosophila melanogaster appear to have a single HSF gene, whereas most vertebrates and higher plants possess multiple HSF genes: at least three HSF genes have been isolated from the human, mouse, chicken, and tomato genomes (15, 23, 28, 40, 41, 44, 50, 51, 53, 60, 69) . Despite sequence divergence, all members of the HSF family have two highly conserved features: a helix-turn-helix DNA binding domain and coiled-coil hydrophobic repeat domains which mediate the trimerization of HSF (26, 45, 66) .
A key step in the induction of heat shock gene transcription is the interaction of HSF with a short, highly conserved cisacting DNA sequence, the heat shock element (HSE) found in the promoters of HSF-responsive genes. All HSEs contain multiple copies of the repeating 5-bp sequence 5Ј-nGAAn-3Ј (where n is any nucleotide) arranged in alternating orientation (2, 71) . The number of pentameric units in an HSE can vary; while a minimum of three is thought to be required for heatinducible expression, some HSEs harbor eight contiguous inverted repeats (19) . Furthermore, the degree of homology of each pentameric unit to the consensus nGAAn motif can vary, as can the nature of the initial pentamer, beginning with either GAA or its complement TTC, with the latter displaying significantly higher levels of biological activity in yeast cells and the capability to bind two HSF trimers instead of one (4) . A functional HSE can tolerate a 5-bp insertion between repeating units, provided that the spacing and orientation of the pentameric elements are maintained (2) . The binding of HSF to DNA has been shown to be highly cooperative, and deviations from the nGAAn consensus sequence may be tolerated in vivo because multiple HSEs foster cooperative interactions between multiple HSF trimers (4, 65, 72) . These variations in the sequence of the binding site can influence the affinity of HSF for the HSE(s) of a particular heat shock gene, thereby influencing the level of transcriptional activation, and ultimately fine-tune the nature of the heat shock gene response.
The existence of multiple HSF species in higher eukaryotes suggests that HSF isoforms may have specialized functions that can be triggered by distinct stimuli or may activate specific target genes. For example, in human K562 erythroleukemia cells, HSF2 responds to hemin treatment and is constitutively active in mouse embryonal carcinoma cells and at the blastocyst stage during embryogenesis and spermatogenesis (46, 55) . These observations are consistent with HSF2 functioning as a regulator of heat shock gene expression during development and differentiation, such as its potential regulation of the hsp70.2 gene during spermatogenesis (33, 49) . Human HSF1 responds to thermal stress and other stresses at the level of trimerization, phosphorylation and DNA binding to activate transcription of Hsp genes (16, 48, 74) . Consistent with the possibility that distinct mammalian HSF isoforms activate different target genes, mouse HSF1 (mHSF1) utilizes a higher degree of cooperativity in DNA binding and demonstrates a preference for HSEs containing four to five pentamers, while mHSF2 has a binding preference for HSEs containing only two to three pentamers (30) . This notion is further supported by a recent functional analysis of human HSF1 and HSF2 expressed in yeast, which showed that HSF1 bound with highest affinity to and activated transcription most potently from the SSA3 promoter, which has an extended array of pentameric elements in the HSE (35) . On the other hand, HSF2 bound with highest affinity to and activated transcription most potently from the yeast metallothionein gene, CUP1, which has only three pentamers in HSE1 and has a gap between the last two pentamers and an A-to-G substitution (GAG) in the last pentameric unit (35) .
Yeast cells utilize the single essential HSF to activate the expression of a wide variety of genes in response to heat and other stresses and to coordinate the expression of genes required for growth under normal physiological conditions. The DNA binding domain of yeast HSF (yHSF) may be more conformationally flexible than HSF1 or HSF2 from higher eukaryotes (20) and allow a wide range of distinct interactions of the DNA binding domain with HSEs. The observation that a single amino acid substitution in the DNA binding domain of yHSF alters the specificity of HSF on different promoters is consistent with this idea (54) . A feature distinguishing yHSF from HSFs of higher eukaryotes is the presence of two transactivation domains which respond differentially to heat shock (42, 56) . Studies of a synthetic HSE-lacZ reporter gene suggested that the yHSF amino-terminal activation domain mediates a transient response to elevated temperatures, while the carboxyl-terminal activation domain (CTA) is required to regulate both a transient and a sustained response (56) . Both activation domains are restrained under normal growth conditions by intramolecular interactions with the DNA binding domain, the trimerization domain, and a short conserved element, denoted CE2 (5, 14, 28, 42, 56) . The presence of two activation domains in yHSF may provide additional levels of regulation or selectivity in gene activation. Previous studies have established that the CUP1 gene is transcriptionally activated by yHSF via heat and oxidative stress (36, 63) . Interestingly, expression of CUP1 in response to heat shock and oxidative stress exhibits a strong requirement for the CTA of HSF (36, 63) . In contrast, this region is largely dispensable for the heat shock activation of the SSA1 and SSA3 genes, encoding members of the Hsp70 family (63) . It is interesting that in addition to the differential requirement for the CTA of yHSF, activation of CUP1 by yHSF differs from that of typical heat shock genes in that the robust activation of CUP1 requires a temperature of 39 rather than 37°C (63) .
The CUP1 promoter HSE is thought to be atypical in that it contains only one HSE (HSE1) composed of three pentameric units. A compilation of HSEs from many organisms demonstrated that for promoters that contain an HSE composed of three pentameric units, additional flanking HSEs are present (4, 43) . Furthermore, HSE1 deviates significantly from consensus HSEs in that there is a gap between the second and third pentamers; however, the gap preserves both the spacing and the orientation between these two repeats. Since yHSF-dependent activation of CUP1 and the SSA genes is distinct, we have carried out a detailed analysis of CUP1 gene expression to understand how yHSF regulates the activation of genes via distinct HSEs and with distinct transactivation domain requirements. We present evidence for a second nonconsensus HSE in the CUP1 promoter, HSE2, which serves to modulate the transcriptional activation of CUP1 in response to both heat and oxidative stress. Furthermore, we demonstrate that the nature of HSE1 plays a crucial role in the dependence on the yHSF CTA for CUP1 activation by heat stress. The expression of two additional yeast genes which contain a gapped HSE is also strongly dependent on the yHSF CTA. Chymotrypsin sensitivity assays show that the arrangement of pentameric units in the CUP1 HSE1 affects the conformation of DNA-bound yHSF and suggests that at least part of the distinct features of CUP1 activation by yHSF may be due to the generation of specific yHSF structures by the HSE. Therefore, this work demonstrates that yeast cells activate and fine-tune the expression of a wide variety of target genes via a single HSF isoform, in part by virtue of the nature of the yHSF binding sites and distinct transactivation domain requirements.
MATERIALS AND METHODS
Strains and growth conditions. S. cerevisiae MCY1093, a gift from Marian Carlson, was used as the wild-type parental strain throughout this study and is designated DTY123. Strain PS145 (a gift from Hillary Nelson) contains a deletion of the endogenous yHSF gene (60) . The HSF(1-583) strain, DTY179, has been previously described (63) . Cell culture conditions for inducing CUP1 expression by heat shock and oxidative stress using menadione treatment were as previously described (36, 63) . All CUP1-lacZ fusion plasmids are URA3 based, and all strains were grown in synthetic complete medium minus uracil unless otherwise specified. Strain DTY123skn7 is isogenic to DTY123 and carries a hisG-URA3-hisG (1) disrupted SKN7 gene (10) . The SKN7 gene was disrupted following previous protocols (11) by transforming DTY123 with an SKN7/hisG-URA3-hisG fragment that was released from plasmid pBS:SKN7:URA3 by XbaIXhoI digestion. The chromosomal arrangement of this disrupted skn7 allele was confirmed by both PCR and the increased sensitivity of the skn7 disruption strain to tert-butyl hydroperoxide (37) .
Plasmids. All plasmids are numbered according to the 5Ј and 3Ј termini of the CUP1 insert; numbering is relative to the start site of CUP1 transcription. Plasmids containing mutations in the CUP1 HSE that are used for RNA analyses of gene expression are denoted with "m" to distinguish them from plasmids containing mutations in the CUP1 HSE that are used for DNA binding analyses, which are denoted with "M." For analyzing regions of the CUP1 promoter important for CUP1 activation by HSF, restriction enzyme-generated fragments of the CUP1 promoter containing different 5Ј upstream termini but all extending through the 12th codon of CUP1 (BspHI site at ϩ105 from the transcription start site) were ligated into the lacZ fusion vector YEp357R (39) . Plasmid pYEpCUP1-807 was generated by using a BspHI-BspHI CUP1 fragment from plasmid pGEXa (63) . Plasmids pYEpCUP1-393, pYEpCUP1-241, and pYEpCUP1-167 were generated by using BamHI-, EcoRV-, and XbaIBspHI CUP1 fragments, respectively, from plasmid pYep336 (12) . Mutant CUP1 promoter plasmids pYEpCUP1HSE1P, pYEpCUP1HSE2m, and pYEpCUP1 ACEm were generated by using a Chameleon double-stranded site-directed mutagenesis kit (Stratagene, La Jolla, Calif.), plasmid pYEpCUP1-393, and the following oligonucleotides: CUP1HSE1P Ϫ131/Ϫ172 (5Ј-CGGAAAAGACGC ATCGCTCTGGAAGCTTCTAGAAGAAATGCC-3Ј), CUP1HSE2m (5Ј-GCG ATGCGTCTTTTTCGCTAAACCGTTTCAGCAAAAAAGACTACC-3Ј), and CUP1Acem (5Ј-GCGATGCGTCTTTTCCCGTGAACCGTTCCAGC-3Ј). By the same procedure, plasmid pYEpCUP1HSE1m and oligonucleotide CUP1 HSE2m were used to generate pYEpCUP1HSE1m2m. Plasmids pHSE-WT and pHSE-M were used to prepare identical-sized CUP1 electrophoretic mobility shift assay (EMSA) probes; pHSE-M contains a mutation in CUP1 HSE1, and both plasmids were described previously (63) . Plasmids pHSE-2M and pHSE-1M2M contain a CUP1 fragment identical in size to that of pHSE-WT and pHSE-1M, all four plasmids contain CUP1 sequences from Ϫ183 to Ϫ80 cloned into the EcoRV site of pBluescript SK ϩ . pHSE-2M was constructed by ligating a PCR product derived from plasmid pYEpCUP1HSE2m into the EcoRV site of pBluescript SK ϩ . pHSE-1M2M was constructed by ligating a PCR product derived from plasmid pYEpCUP1HSE1m2m into the EcoRV site of pBluescript SK ϩ . The ability of HSEs from various genes to function as heat-inducible upstream activation sequences (UAS) was tested using the CYC1-lacZ fusion plasmid pCM64, a gift from Charles Moehle. Plasmid pBS:SKN7:URA3 was constructed as follows. The hisG-URA3-hisG cassette (1) was removed from plasmid pNKY51 by BglII-BamHI digestion, filled in, and ligated into plasmid pBS:SKN7 (a generous gift from Richard Stewart) which had been digested with StyI-MscI. The StyI-MscI digestion removes nucleotides that code for approximately 480 of the 622 amino acids of SKN7 from plasmid pBS:SKN7. Digestion of pBS:SKN7:URA3 with XbaI-XhoI produces a fragment containing the hisG-URA3-hisG cassette with SKN7 sequence flanking each end. To facilitate the purification of full-length yHSF from Escherichia coli, plasmid pET3d-HSF-His6, which contains a six-His tag added to the carboxy terminus of the yHSF open reading frame cloned into pET3d, was constructed. The following plasmids were utilized for making antisense RNA probes by using T7 RNA polymerase and for RNase protection assays. Plasmids pKSACT1 and pKSlacZ, for determining CUP1-lacZ and ACT1 mRNA levels, were described elsewhere (32) . Plasmid pKSSSA3 was constructed by ligating a 159-bp EcoRIHincII fragment from the SSA3 gene into the EcoRI-SmaI sites of pBluescript KS ϩ . Plasmid pSKCUP1 was constructed by inserting a 149-bp EcoRI-BamHI fragment from the CUP1 gene into the same sites of pBluescript SK ϩ . pSKHSC82 was constructed by ligating a PCR product containing a 115-bp fragment of the HSC82 gene to which EcoRI-BamHI sites were introduced into the same sites of pBluescript SK ϩ . Plasmid pSKHSP82 was constructed by ligating a PCR product containing a 109-bp fragment of the HSP82 gene to which EcoRI-BamHI sites were introduced into the same sites of pBluescript SK ϩ . The latter two plasmids were used to generate antisense RNA probes which hybridize specifically to HSC82 or HSP82 mRNA spanning positions ϩ2161 to ϩ2275 and ϩ2196 to ϩ2305, respectively, in the 3Ј untranslated regions of both genes (18, 25) .
RNA isolation and RNase protection analyses. RNA from either control, heat shock-treated, or menadione-treated cells was isolated as previously described (36, 63) . 32 P-labeled antisense CUP1, HSC82, and HSP82 RNAs were produced from BamHI-linearized plasmids. The ACT1 mRNA level was used as a control for normalization for quantitation of RNase protection products throughout this study. RNase protection samples were separated on 6% acrylamide gels; radioactive bands on the dried gels were quantitated by using a PhosphorImager SP and IPLab Gel software (Molecular Dynamics) as described elsewhere (29) .
In vitro DNA binding studies. EMSAs were carried out as described previously (57, 59, 63) . Plasmids pHSE-WT, pHSE-M, and pHSE-1M,2M were used to prepare CUP1 HSEWT (wild-type HSE), HSE1M, and HSE1M,2M probes for EMSA by digesting with EcoRI and HindIII and filling in the 103-bp fragments with the Klenow fragment and [␣-
32 P]dATP. Yeast extracts for EMSA were prepared from cells by glass bead disruption in 50 mM Tris-Cl (pH 7.5)-1 mM EDTA-protease inhibitors as previously described (63) . Binding reactions were for 30 min at room temperature; the binding buffer was previously described (57, 59) . Protein levels in yeast extracts was measured by using the Bio-Rad protein assay (Bio-Rad, Hercules, Calif.). Radiolabeled probes were purified by nondenaturing polyacrylamide gel electrophoresis (PAGE), and probe concentrations were determined spectrophotometrically by UV light absorbance at 260 nm. Quantitative DNA binding studies were carried out, and apparent K d (K d,app ) and Hill coefficients were determined as described previously (29) . Competitive DNA binding assays using CUP1 HSEWT, HSE1M, and HSE1M,2M probes were carried out as previously described (57, 59) . Purified yHSF and 0.1 nM probe were used for all K d,app determinations, and a 4% polyacrylamide gel system with a high cross-linking ratio, 5.6:1, of acrylamide to bisacrylamide was used (62) for all assays with purified yHSF. These gels were run at 4°C and contained 0.5ϫ Tris-borate-EDTA 10% glycerol, and 0.1% Nonidet P-40 (NP-40); the running buffer also contained 0.5ϫ Tris-borate-EDTA and 0.1% NP-40. Following electrophoresis, EMSA gels were fixed (10% acetic, 10% methanol), dried, exposed to X-ray film, and subjected to PhosphorImager analysis.
The DNase I footprinting reactions were carried out as for the EMSA DNAbinding reactions except that after the binding incubation, 1/10 volume of a buffer containing 25 mM MgCl 2 and 20 mM CaCl 2 and 1 l of a 1:2,000 dilution of DNase I (10 U/ml; Boehringer Mannheim, Indianapolis, Ind.) were added, and the mixture was incubated for 1 min. DNase I digestion was terminated by the addition of 1/10 volume of 250 mM EDTA and loaded immediately onto an EMSA gel (65) . Radioactive bands were excised from the EMSA gel, DNA ethanol precipitated, and fractionated on denaturing polyacrylamide gels (47) . The gels were dried and exposed to X-ray film and PhosphorImager screens.
Limited proteolysis of yHSF-HSE complexes. The proteolytic clipping band shift assay (52) was carried out as previously described (22, 64) . Briefly, purified yHSF-DNA complexes formed at room temperature for 30 min were subjected to limited proteolysis with chymotrypsin (amounts of chymotrypsin and lengths of incubation are indicated in figure legends). Binding reactions and the gel system used for these limited proteolysis experiments were identical to those described above used in K d,app determinations. The chymotrypsin (Worthington Biochemical Corporation) was diluted into water just before use. Chymostatin (Boehringer Mannheim) was used to terminate reactions in the limited proteolytic time course assays. Fixed-time limited proteolysis assays were terminated by direct loading to EMSA gels. Following electrophoresis, EMSA gels were fixed (10% acetic, 10% methanol), dried, exposed to X-ray film, and subjected to PhosphorImager analysis. The amount of yHSF-DNA complexes and free probe remaining after limited proteolysis was quantitated by PhosphorImager analysis of the dried gels.
Expression and purification of yHSF from E. coli. Full-length yHSF was expressed and purified by standard protocols (3), with minor modifications. Six liters of freshly transformed E. coli BL21(DE3)pLysS cells containing plasmid pET3d-HSF-His6 was grown in Superbroth (Digene Diagnostics, Beltsville, Md.) at 37°C to an A 600 of 0.8. Isopropyl-␤-D-thiogalactopyranoside was added to a final concentration of 0.4 mM, and induction was carried out at 25°C for approximately 6 h. Cells were harvested, and cell pellets were frozen in liquid nitrogen and stored at Ϫ80°C. All subsequent steps in this purification were carried out at 4°C. Cell pellets were thawed in the presence of protease inhibitor cocktail (3); cells were resuspended in approximately 100 ml of breaking buffer (50 mM sodium phosphate [pH 8], 300 mM NaCl, 10% glycerol) and broken by one passage through a French pressure cell (SLM Aminco, Champaign, Ill.) at 16,000 lb/in 2 . The cell extract was centrifuged for 30 min at 30,000 ϫ g, the pH of the supernatant was adjusted to approximately 8, and incubation continued for 30 min with gentle mixing at 4°C in batch, using 3 ml of packed Ni-nitrilotriacetic acid (NTA) resin (Qiagen, Chatsworth, Calif.) per 50 ml of extract. The resin was washed twice by centrifugation at 500 rpm in a RT6000B swinging-bucket centrifuge (Sorvall, Wilmington, Del.) at 4°C with wash buffer 1, which was identical to breaking buffer except that it contained 500 mM NaCl and 5 mM imidazole. The resin was then washed once with wash buffer 2, which was identical to wash buffer 1 except that it contained 10 mM imidazole. The resin was pooled, and elution of yHSF was effected by two successive incubations with 6 ml of elution buffer (identical to wash buffer 1 except that it contained 200 mM imidazole) for 15 min with gentle mixing. The eluted sample was aliquoted, frozen by using liquid nitrogen, and stored at Ϫ80°C. HSF was further purified by gel filtration chromatography on a Superose 6 HR10/30 column (Pharmacia, Piscataway, N.J.). Procedures for calibration and FPLC (fast protein liquid chromatography) purification using the Superose 6 column (31, 59, 68) and the chromatography buffer (68) have been described elsewhere. Briefly, the Ni-NTA resin eluate was thawed and adjusted to 0.1 mM EDTA-0.1 mM EGTA-0.1% NP-40 immediately prior to injection of 0.2 ml onto the Superose column. The column chromatography buffer was modified by the addition of 0.1% NP-40, the column was run at 0.3 ml/min, and 0.3-ml fractions were taken. After binding of the centrifuged cell lysate to the Ni-NTA resin, the protease inhibitor mix was replaced by the single protease inhibitor Pefabloc (Boehringer Mannheim). Pefabloc was used in all buffers for all remaining steps. HSF eluted at approximately 12 ml (fractions 37 to 45), immediately before the position where the thyroglobulin standard (660 kDa) elutes. The purified yHSF was stable at 0°C for several weeks.
Protein extraction and immunoblotting. Whole-cell protein extracts for immunoblotting were prepared exactly as described previously (35) by glass bead extraction using sodium dodecyl sulfate (SDS) harvest buffer (0.5% SDS, 10 mM Tris-HCl [pH 7.4], 1 mM EDTA) containing protease inhibitors. Protein concentration was determined by the Bradford assay (Bio-Rad). Extracts were resolved by SDS-PAGE (10% gel), transferred to nitrocellulose, and immunoblotted under standard conditions. Immunoblotting was carried out with reagents and protocols from Amersham, using anti-yHSF polyclonal antiserum (a gift from P. Sorger), Hsc82/Hsp82p polyclonal antibody (a gift from S. Lindquist), Ssa3/Ssa4p polyclonal antibody (a gift from E. Craig), and monoclonal antibodies against phosphoglycerate kinase (Pgk1p; Molecular Probes, Eugene, Oreg.). Proteins of interest were detected by using the Renaissance chemiluminescence detection system (NEN Life Sciences, Boston, Mass.). Band intensity was estimated using NIH Image version v1.61.
RESULTS
The CUP1 promoter harbors two nonconsensus HSEs. We previously identified a single HSE in the CUP1 promoter required for transcriptional activation in response to heat shock, glucose starvation, and superoxide radical generation (36, 63) . Transcription of CUP1 via this HSE is distinct from that of HSP70 genes in its requirement for the yHSF CTA and for heat shock at 39 rather than 37°C (63) . To identify other regulatory sites that might function in the transcriptional activation of CUP1 by yHSF, we fused a series of CUP1 promoter deletion mutants to the lacZ gene in YEp357R and analyzed expression from these plasmids by RNase protection experiments (Fig. 1) . DNA sequences between Ϫ807 and Ϫ241 of the CUP1 promoter do not appear to contribute to the magnitude of CUP1 activation in response to either heat shock or menadione treatment (Fig. 1) . Deletion of this segment of DNA increases the basal level of CUP1 expression approximately fourfold (Fig. 1) . Truncation of the CUP1 promoter to Ϫ163, which destroys the first pentameric unit in HSE1, also increased basal transcription fourfold compared to longer pro-moter fragments but essentially eliminated the activation of CUP1 by HSF in response to both heat shock and oxidative stress (pYEpCUP1-163 [ Fig. 1]) . Analysis of the 3Ј CUP1 promoter region showed that deletions of the CUP1 transcribed region to ϩ9 from the start site of transcription had no significant effect on the magnitude of the transcriptional activation of CUP1 in response to heat shock or oxidative stress (data not shown).
Based on the observation that DNA sequences upstream of Ϫ241 are not required for heat shock induction of CUP1, we investigated whether the CUP1 HSE1 alone was sufficient to function as a heat-inducible UAS. The HSEs from the SSA1, SSA3, and SSA4 genes were previously shown to be sufficient to function as heat-inducible UASs (6, 73) . DNA sequences encompassing the CUP1 HSEs from Ϫ168 to Ϫ141 or Ϫ168 to Ϫ116 from the transcription start site were unable to activate heat-induced transcription when fused to the yeast CYC1 basal promoter, while the SSA3 HSE strongly activated heat-induced transcription in this context (data not shown). Longer fragments of the wild-type CUP1 promoter (Ϫ393 to Ϫ91, Ϫ183 to Ϫ79, Ϫ393 to Ϫ1, or Ϫ168 to Ϫ1 from transcription start) were also unable to activate transcription in this context, implicating a requirement for specific CUP1 basal promoter elements for yHSF-mediated activation of CUP1. Therefore, the CUP1-lacZ fusions used throughout this study contain the CUP1 HSE and basal promoter fused to lacZ.
In contrast to the HSEs found within the SSA1 and SSA3 promoters, the CUP1 HSE1 contains only three pentameric units, with a gap between the second and third units ( Fig. 2A) . However, DNase I footprinting and methylation interference analyses have shown that the HSF trimer interacts with all three pentameric sites (2, 63) . Since a 200-fold molar excess of an oligonucleotide containing sequences adjacent to HSE1 (Ϫ141 to Ϫ107) competes for the binding of yHSF in crude extracts with a probe containing Ϫ241 to ϩ37 of the CUP1 promoter (54), we investigated whether a second nonconsensus HSE, HSE2 ( Fig. 2A) , might function in CUP1 transcriptional activation. The two HSEs are similar in that both contain only three GAA units and both start with TTC.
CUP1 HSE architecture and arrangement modulates transcriptional potency. To determine whether the gap in the CUP1 HSE1 or the putative HSE2 plays a role in the regulation of CUP1 transcription in response to heat stress, expression from CUP1 promoters with mutationally altered HSE1 and HSE2 elements (summarized in Fig. 2A ) was analyzed by RNase protection. Two strategies were adopted. First, the spacing in HSE1 was altered to match the consensus HSEs such as those found in the SSA1 and SSA3 promoters. Second, the putative HSE2 was mutagenized within each pentamer at positions known to be essential for HSF binding to consensus HSEs (19) . Conversion of the gapped CUP1 HSE1 to an HSE with four GAA repeats, designated HSE1 "perfect" (HSE1P/ 2), resulted in 3.9-and 3.6-fold increases in CUP1 activation in response to both heat shock and oxidative stress (data not shown), respectively, compared to the wild type (Fig. 2B) . Mutagenesis of HSE2 (HSE1/2m [ Fig. 2 ]) resulted in a 3.5-fold increase in the transcriptional activation of CUP1 in response to heat shock and oxidative stress (data not shown) compared to the wild type (Fig. 2B ). This hyperactivation depended on the functional integrity of HSE1, as demonstrated by the inactivity of the double mutant HSE1m/2m (Fig. 2B) . Combination of the two mutations (HSE1P/2m) did not result in any significant difference in expression as compared to the CUP1 HSE1P/2 promoter (Fig. 2B) . Mutation of HSE1 alone (HSE1m/ FIG. 1. Analysis of CUP1 promoter sequences required for heat shock and oxidative stress-inducible transcription. Total RNA was isolated from transformants of strain DTY123 harboring the indicated CUP1-lacZ promoter derivatives, and steady-state mRNA levels for lacZ and ACT1 (indicated with arrows) were analyzed by RNase protection experiments. Values for normalized expression were determined before (control [C]; 27°C) and after heat shock (HS; 39°C) or menadione treatment (MD; 500 M). Heat shock was carried out for 20 min; cells were exposed to menadione for 1 h. Quantitation was carried out with a PhosphorImager, and in each case the CUP1-lacZ mRNA level was normalized to the respective ACT1 mRNA level. The values represent averages of three separate determinations Ϯ standard deviations. The graph indicates the normalized expression levels of CUP1-lacZ mRNA detected in each lane. Nucleotide numbers refer to positions relative to the start site of transcription of the CUP1 gene; vector represents YEp357R. Fig. 2A] ) also resulted in a CUP1-lacZ fusion that was transcriptionally inactive to both heat shock and oxidative stress (Fig. 2B and data not shown) , confirming our previous results demonstrating the requirement for HSE1 in the stress induction of CUP1 (36, 63) . These results with either double mutation (HSE1P/2m and HSE1m/2m) demonstrate that modulation of the transcriptional activation of CUP1 through HSE2 is highly dependent on the nature of HSE1.
[
Based on the results obtained with the HSE1P CUP1-lacZ fusion, we synthesized oligonucleotides spanning the HSE1P mutation to determine whether HSE1P could confer heat shock-inducible expression to the CYC1 basal promoter. An oligonucleotide containing the HSE1P mutation and spanning from Ϫ168 to Ϫ116 or from Ϫ168 to Ϫ141 of the CUP1 promoter potently activated the CYC1-lacZ reporter in response to heat shock (data not shown). Therefore, the requirement for the basal promoter region in the yHSF-mediated transcriptional activation of CUP1 in response to heat shock can be dispensed with by using a canonical HSE but not the CUP1 HSE1.
The activation of CUP1 by heat shock and oxidative stress has been previously shown to be independent of the Cu iondependent transcription factor, Ace1p (54, 63) . However, a high-affinity Ace1 binding site overlaps the TTC and partially overlaps the second GAA unit in HSE2 ( Fig. 2A) , and the HSE2 mutation converts the GAA to AAA, disrupting one nucleotide in this Ace1p site. We therefore analyzed transcriptional activation from a CUP1-lacZ fusion which destroys the high-affinity Ace1p site that overlaps the HSE2 sequence but does not mutate HSE2 ( Fig. 2A, Ace1m) . Activation of the Ace1m CUP1-lacZ fusion in response to heat stress was indistinguishable from the wild-type promoter (data not shown). Therefore, the increased transcriptional activation observed for the HSE1/2m CUP1-lacZ fusion gene is independent of activation by Ace1p.
Another stress-responsive transcription factor found in S. cerevisiae, Skn7p, possesses significant homology to the DNA binding domain of yHSF (9) and binds to a GAA-containing sequence of the TRX2 promoter (37) . Therefore, we investigated whether the increased transcriptional response of the HSE1P/2 and HSE1/2m CUP1-lacZ promoters might be due to Skn7p-mediated activation. The heat shock responses of both wild-type and mutant CUP1-lacZ fusions in a skn7 disruption strain were indistinguishable from that of the wild-type SKN7 strain (data not shown). Taken together, these results demonstrate that the modulation of CUP1 expression in response to heat shock is mediated by HSF, HSE1, and HSE2.
The architecture of CUP1 HSEs imparts specificity to the mode of activation of CUP1. Transcriptional activation of CUP1 by yHSF differs from that of SSA3 in that CUP1 activation requires an optimal heat shock temperature of 39 rather than 37°C (63) . Furthermore, CUP1 expression in response to heat shock is highly dependent on the CTA of yHSF, whereas the SSA1 and SSA3 promoters are much less dependent on this domain. To determine if HSE1 and HSE2 are determinants in these features of CUP1 transcriptional activation, we compared expression from the wild-type and mutationally altered CUP1-lacZ fusion genes at 37 and 39°C (Fig. 3A) . Consistent with previous results (63), activation of CUP1 at 37°C was only 25% of that observed at 39°C (Fig. 3A) . Interestingly, the generation of either HSE1P or HSE2M did not alter the temperature induction profile of CUP1; that is, expression of both derivatives was maximal at 39°C. Both mutations, however, change the efficacy of transcription at 37°C. The HSE1/2m and HSE1P/2 CUP1 derivatives give rise to a level of heat shockinducible transcription at 37°C that is comparable to that observed for the wild-type fusion at 39°C (Fig. 3A) . Therefore, both HSE2 and the gap between pentamers 2 and 3 in HSE1 act to limit the expression of CUP1 at a temperature where many other HSF-responsive genes are near maximal expression.
Isogenic wild-type HSF and HSF(1-583) cells harboring wild-type and mutant CUP1-lacZ fusions were analyzed to ascertain whether HSE1 or HSE2 plays a role in the dependence of CUP1 transcriptional activation on the yHSF CTA. As shown in Fig. 3B and consistent with previous analyses (36, 63) , heat shock activation of the wild-type CUP1-lacZ reporter in the HSF(1-583) strain is greatly reduced (approximately 70%) compared to a strain with wild-type HSF. In contrast, heat shock activation of the HSE1P CUP1-lacZ reporter in the HSF(1-583) strain is reduced only 43% compared to a strain with wild-type HSF. These results suggest that the gapped HSE1 plays a critical role in determining the degree of dependence of CUP1 expression in response to heat shock on the HSF CTA. Transcription from the HSE1P/2 CUP1 promoter derivative was hyperactivated in the HSF(1-583) strain, exhibiting approximately threefold greater activation than the wildtype promoter in the wild-type HSF strain (Fig. 3B ). In contrast to expression in a wild-type HSF strain, the HSE1/2m reporter expression is greatly reduced in the HSF(1-583) strain, with an induction approximately equal to that observed for the wild-type reporter in the HSF(1-583) strain (Fig. 3B) . This finding suggests that the transcriptional activation observed for the HSE1/2m promoter under stress conditions is dependent on the interaction of yHSF with HSE1. Similar results were obtained in response to oxidative stress using the wild-type, HSE1/2m, and HSE1P/2 reporter plasmids in the HSF(1-583) strain and wild-type HSF strain (data not shown). The data for the HSF(1-583) strain suggest that the HSE1P promoter increases the ability of the amino-terminal activation domain of HSF to activate CUP1 expression. Since the HSF(1-583) protein completely lacks a CTA, the results in Fig. 3B suggest that the gapped HSE1 plays a critical role in determining the contribution of the amino-terminal activation domain of HSF to the magnitude of CUP1 expression in response to both heat shock and oxidative stress.
To ascertain whether the correlation between a gapped HSE architecture and higher dependence on the yHSF CTA is a general phenomenon, other Hsp gene promoters with similarly organized HSEs were examined. Inspection of HSEs found in the promoters of HSP82, HSC82, and CUP1 suggests that nonconsensus HSEs may be commonly used for transcriptional responses to heat shock. Previous analysis of the HSE1 from the HSC82 and HSP82 promoters (8, 18, 24, 25) showed that, like the CUP1 HSE1, they are composed of only three pentameric units containing a gap between pentamers 2 and 3, with all three sites properly oriented and spaced (Fig. 3C) . Based on these observations, we measured the heat-induced levels of endogenous CUP1, HSC82, and HSP82 mRNAs to determine if these genes exhibit a strong dependence on the yHSF CTA. Heat shock-induced expression of the CUP1 and HSC82 genes in the HSF(1-583) strain are most affected, with heat shock transcription being only 23 and 24%, respectively, of that observed in an isogenic wild-type HSF strain. Expression of HSP82 in the HSF(1-583) strain is only 37% of that in the wild-type HSF strain, while heat shock expression of SSA3 in the HSF(1-583) strain was least affected by the loss of the yHSF CTA (56% of the level in wild-type strain). This result with SSA3 is identical to that observed with the HSE1P/2 reporter in Fig. 3B , where 56% of the steady-state expression level in the HSF(1-583) background was retained compared to that present in the HSF wild-type strain. To determine whether there are significant physiological consequences for the reduction in the magnitude of transcriptional activation for the HSP82, HSC82, and SSA3 genes in the HSF(1-583) strain, the levels of these proteins in control and heat-shocked cells were determined by immunoblotting. Consistent with the steadystate RNA measurements for the HSP82 and HSC82 genes demonstrating a strong requirement for the HSF CTA in heatinduced expression of these two genes, protein levels of both Hsp90 isoforms were severely diminished (80 to 90%) in HSF (1-583) cells (Fig. 3D) . In contrast, the levels of Ssa3/Ssa4 proteins were only slightly reduced (10 to 20%) in HSF(1-583) cells (Fig. 3D) . These results strongly suggest that heat shockinduced expression from promoters containing contiguous HSEs is less dependent on the yHSF CTA than expression from promoters with gapped HSEs. yHSF binding to HSE2 modulates interactions at HSE1. The data described here implicate the presence of a second CUP1 HSE, HSE2, in the modulation of CUP1 transcription that is dependent on both yHSF and the nonconsensus HSE1. To ascertain whether yHSF interacts directly with HSE2 and whether this interaction might modulate the occupancy of HSE1, in vitro DNA binding studies were carried out. Since yeast cells express two proteins (10, 21) bearing homology to the yHSF DNA binding domain that appear to play no role in CUP1 regulation but which may confound in vitro DNA binding studies, full-length yHSF was expressed in and purified from E. coli. To facilitate the purification of yHSF for DNA binding studies, we constructed a yHSF allele in which a His 6 tag was placed at the carboxyl terminus of the coding region. This HSF-His 6 protein fully complemented the viability defect associated with disruption of the single endogenous yHSF gene at both 30 and 37°C (data not shown). yHSF was obtained after sequential purification on Ni-NTA agarose and FPLC Superose-6 chromatography (31, 59, 68) . Purified yHSF migrated on a Coomassie blue-stained SDS-polyacrylamide gel at approximately 150 kDa and comigrated with HSF present in wholecell yeast extracts from non-heat-shocked cells, as detected by VOL. 18, 1998 HSE STRUCTURE MODULATES HSF ACTIVITY FIG. 3 . CUP1 promoter HSE mutations alter the temperature response and obviate the requirement for the yHSF CTA. (A) The HSE1P and HSE2m CUP1-lacZ fusions lower the temperature threshold for transcriptional activation of CUP1. The steady-state levels of CUP1-lacZ mRNA from the wild-type, HSE1P, and HSE2m fusions were analyzed before (control [C]; 27°C) and after heat shock (HS) at either 37 or 39°C for 20 min. ACT1 and CUP1-lacZ mRNA levels were assayed and quantitated as described for Fig. 1 . Below the data are schematic representations of the CUP1-lacZ promoter derivatives assayed in this RNase protection experiment and normalized expression levels of CUP1-lacZ mRNA. Details of the mutations in the CUP1 HSEs are given in Fig. 2. (B) The HSE1P but not the HSE2m CUP1-lacZ fusion reduces dependency of CUP1 transcriptional activation on the yHSF CTA. Experiments were carried out as described for panel A except that the CUP1-lacZ fusions were also assayed in a yeast strain containing the HSF(1-583) allele. (C) HSC82 and HSP82 possess similar GAA unit arrangements in HSE1, with a gap between units 2 and 3; SSA3 contains a contiguous array of 5-bp units. (D) Deletion of the HSF carboxyl-terminal activation domain results in severe reduction in Hsp82/Hsc82 protein levels, while Ssa3/Ssa4 protein levels are only moderately affected, as determined by Western blot analysis of Hsp82/Hsc82, Ssa3/Ssa4, and Pgk1 protein levels in yeast strains containing either wild-type HSF or HSF(1-583). Yeast cells were heat shocked (HS) at 39°C for 1 h, and extracts were prepared by glass bead disruption as described in Materials and Methods. Samples were subjected to SDS-PAGE and immunoblotted with polyclonal antisera to Hsp82/Hsc82, Ssa3/Ssa4, and Pgk1. Pgk1 levels were used for normalizing sample loads.
Western blot analysis ( Fig. 4A and B) . Furthermore, purified yHSF specifically bound to the CUP1 promoter in a manner similar to yHSF present in crude cell extracts from non-heatshocked cells (Fig. 4C) . The amount of yHSF from crude cell extracts binding to CUP1 DNA is lower than that in the recombinant yHSF samples due to the low abundance of endogenous yHSF in the cell extracts used in the binding reaction.
The dissociation constants for yHSF-CUP1 promoter complexes were determined by quantitative EMSAs. As shown in Fig. 5 , yHSF interacts with the CUP1 promoter fragment encompassing HSE1 and HSE2 with a K d,app of (3.7 Ϯ 0.5) ϫ 10 Ϫ9 M. Since the CUP1 HSE1P/2 derivative gave rise to increased expression in response to stress and this expression was less dependent on the yHSF CTA, we determined whether these effects were due to an increase in binding affinity of yHSF for the CUP1 HSE1P promoter. yHSF bound to the CUP1 HSE1P/2 probe with a K d,app of (3.4 Ϯ 0.9) ϫ 10 Ϫ9 M, demonstrating that yHSF does not have a significantly higher affinity for the CUP1 HSE1P compared to the wild-type promoter. The apparent affinity of yHSF for the CUP1 HSE2M probe, (4.0 Ϯ 0.2) ϫ 10 Ϫ9 M, was not significantly different from that for either the CUP1 HSEWT or CUP1 HSE1P. Furthermore, no difference was observed in the apparent Hill coefficients obtained for the three CUP1 promoter sequences (approximately 1.5), suggesting a lack of differences in yHSF binding cooperativity to these three CUP1 promoter derivatives. This Hill coefficient is highly reproducible, and the intermediate value for the apparent Hill coefficient of between 1 and 2 suggests that one yHSF trimer may bind stably, and a second may bind only weakly or partially, to the CUP1 HSE1. Since the SSA3 and CUP1 promoters also exhibit marked differences in heat shock-inducible gene expression as a function of their HSEs, we explored whether yHSF exhibits different binding affinities for these two promoters. In three independent experiments, differences in neither affinity nor binding cooperativity were observed (data not shown). Therefore, it does not appear that the differences in heat shock-responsive expression between the CUP1 HSE1P, CUP1 HSE2M, and SSA3 promoters and the CUP1 HSEWT promoter are due to differences in the affinity of yHSF for the HSEs or in binding cooperativity. Rather, differences may be due to binding site context-dependent alterations in bound HSF or interactions with other factors.
EMSAs using yHSF and CUP1 promoter mutations strongly suggest that yHSF binds to HSE2, albeit with a very low efficiency compared to HSE1 (data not shown). To precisely map the site of interaction of yHSF with the CUP1 HSE2, DNase I footprinting analysis was performed with the CUP1 HSEWT probe (Fig. 6A) . At low yHSF concentrations (Fig. 6A, lane 2) , strong protection over a region encompassing HSE1, from Ϫ172 to Ϫ143, was observed. Binding of yHSF to HSE1 is accompanied by DNase I hypersensitivity at several positions upstream of position Ϫ172. Additionally, at this concentration of yHSF (14 nM), there is modest protection over the region corresponding to CUP1 HSE2. At a sevenfold-higher concentration of yHSF, however, this DNase I cleavage pattern is altered in several distinct ways (Fig. 6A, lane 3) . First, HSE2 is strongly protected from DNase I cleavage by yHSF from positions Ϫ134 to Ϫ120 on the bottom strand. Second, three sites of DNase I hypersensitivity within or flanking HSE2, at positions Ϫ123, Ϫ127, and Ϫ140, are observed (Fig. 6A) . Third, concomitant with more complete occupation of HSE2, there is a marked increase in DNase I cleavage at several positions in the 3Ј end of HSE1, including Ϫ148, Ϫ152, Ϫ154, and Ϫ155. Therefore, occupation of the lower-affinity HSE2 site by yHSF appears to alter the interaction of yHSF with HSE1.
To verify the specificity of yHSF occupation of HSE2 and the effect of yHSF binding to HSE2 on HSE1 binding, DNase I footprinting was carried out with the CUP1 HSE2M probe (Fig. 6B) . The complete lack of protection observed over HSE2, even at high yHSF concentrations, demonstrates the specificity of the interaction of yHSF with HSE2 (compare Ϫ134 through Ϫ120 in Fig. 6A and B) . The 5Ј boundary of the protected region over HSE1 is identical to that of the HSEWT probe (Ϫ172 [Fig. 6]) . However, in contrast to the wild-type CUP1 probe, there are no alterations in the protection over HSE1 as more yHSF is added (compare Ϫ148 through Ϫ155 in Fig. 6A and B) . However, the extent of the protected region over HSE1 decreased, and the three hypersensitive sites observed with the wild-type CUP1 probe were abolished (compare Fig. 6A and B) . Furthermore, the major cleavage site at Ϫ143 (Fig. 6B) and the residues immediately upstream of this site, TCG (bottom strand, Ϫ144 to Ϫ146) are no longer protected (compare Fig. 6A and B) . Therefore, yHSF bound at HSE2 may facilitate the binding of yHSF to the third pentameric unit (GAG) of HSE1.
HSF adopts distinct conformations when bound to consensus and atypical HSEs. So far, our results show that differences in the transcriptional activity of the CUP1 promoter derivatives cannot be attributed to any changes in either the binding affinity or the cooperativity with which yHSF binds these DNA sequences. To more directly assess whether the differences in transcriptional activation from the CUP1 promoter derivatives are due to changes in the conformation of DNA-bound HSF, protease sensitivity assays were carried out with purified yHSF bound to the CUP1 HSEWT, HSE1P, and HSE2M DNA fragments. The proteolytic clipping band shift assay (52) utilizes limited proteolysis of DNA-bound protein and has been used to probe the structure of transcription factor-DNA complexes (22, 52, 64) . HSF-CUP1 HSE complexes were subjected to limited proteolysis by incubation with increasing concentrations of chymotrypsin, and the resulting complexes were separated on EMSA gels (Fig. 7A ). The differences in sensitivity to digestion of the HSF-HSEWT and HSF-HSE1P complexes were striking. The HSF-HSE1P complex was routinely more resistant to chymotrypsin treatment than either the HSF-HSEWT or HSF-HSE2M complex (compare lanes 3, 8, and 13 in Fig. 7A ). There is approximately an order of magnitude difference in the amount of chymotrypsin required to obtain similar levels of proteolytic sensitivity for the HSEWT and HSE1P. The sensitivities of the HSF-HSEWT and HSF-HSE2M complexes were nearly indistinguishable, suggesting that the major determinant in the chymotrypsin sensitivity of the DNA-bound yHSF is HSE1. Addition of chymostatin to the binding reactions prior to chymotrypsin resulted in complexes which were completely resistant to chymotrypsin ( Fig.  7A; compare lanes 5, 10, and 15 with lanes 1, 6, and 11 ). There were no obvious differences in the pattern of products generated by chymotrypsin digestion of yHSF bound to the HSEWT, HSE1P, or HSE2M (Fig. 7A and data not shown) . The data in Fig. 7B shows that the difference in chymotrypsin sensitivity between the HSF-HSE1P and HSF-HSEWT and HSF-HSE2M can also be observed in the rate of proteolysis of these complexes. After 12 min of chymotrypsin digestion, the HSF-HSEWT and HSF-HSE2M complexes are almost completely degraded whereas approximately 25% of the HSF-HSE1P complex remains (Fig. 7B) . Thus, the HSF-HSE1P complex adopts a conformation distinct from the HSF-HSEWT and HSF-HSE2M complexes which can be demonstrated as differences in both the concentration and rate of limited digestion with chymotrypsin (Fig. 7) . The data were quantitated with a PhosphorImager and then plotted and analyzed as described previously (29) and in Materials and Methods. The K d,app for each probe was derived from at least three independent determinations and is the average Ϯ standard deviation. K d,app s were (3.7 Ϯ 0.5) ϫ 10 Ϫ9 M for the CUP1 HSEWT probe (3.4 Ϯ 0.9) ϫ 10 Ϫ9 M for the CUP1 HSE1P probe, and (4.0 Ϯ 0.2) ϫ 10 Ϫ9 M for the CUP1 HSE2M probe. Each data point for each probe is taken from the average of at least three independent determinations. The line is drawn only through the data points for the CUP1 HSEWT probe.
DISCUSSION
Higher eukaryotic cells possess multiple distinct HSF isoforms, encoded by different genes. This diversity is further increased through differential splicing, responses to distinct stresses, and preferences for binding to distinct arrangements of HSEs (70) . In contrast, the S. cerevisiae HSF is encoded by a single, essential gene and binds to some HSEs constitutively, while binding to other HSEs is induced in response to an environmental or pharmacological stimulus (24, 27, 58) . Furthermore, yHSF differentially activates gene expression through the use of separate amino-or carboxyl-terminal transactivation domains or by responding to distinct stressors (36, 42, 56, 63) . Therefore, yHSF may represent a composite of the functions carried out by individual HSF isoforms in higher eukaryotes. The observation that human HSF isoforms are differentially functional when expressed in yeast cells lacking the endogenous HSF gene further underscores this notion (35) .
To explore the mechanisms underlying the differential use of yHSF transactivation domains for target gene activation, HSFdependent activation of the CUP1 gene was investigated in detail. CUP1 represents a heretofore atypical HSF-dependent gene in that it contains a nonconsensus HSE in its promoter, requires heat shock at 39°C for robust activation, as opposed to 37°C for other HSF target genes, responds to superoxide radical generators for HSF-mediated activation, and exhibits a strong requirement for the yHSF CTA (36, 63) . Here, we have demonstrated that the CUP1 promoter harbors two HSEs, neither of which resembles those found in typical HSF-responsive genes, such as SSA1 or SSA3, in their fundamental architecture. Consistent with the known interaction of HSF with HSEs as homotrimeric proteins, both the CUP1 HSE1 and HSE2 harbor three repeats of the pentameric element. Furthermore, the separation of CUP1 HSE1 and HSE2 by one helical turn provides a mechanism for potential interactions between two DNA-bound HSF trimers on the same face of the DNA helix. Although the CUP1 HSE1 contains three pentamers, the distance of one helical turn between pentamers 2 and 3 allows occupancy of major grooves on the DNA with a distinct geometry compared to contiguous pentamers such as those found in SSA1 and SSA3. Indeed, the generation of a CUP1 HSE1 derivative which mimics those found in SSA1 and SSA3 (CUP1 HSE1P) results in stress-responsive transcriptional activation characteristics which more closely resemble these genes in terms of the temperature optimum, their reduced dependence on the yHSF CTA, and ability to activate a heterologous CYC1 basal promoter. One possible mechanism by which the CUP1 HSE1P might enhance CUP1 expression is by affecting the affinity of yHSF for DNA. However, our results suggest no significant difference in the apparent affinity of yHSF for the CUP1 promoter fragment containing HSE1P compared to HSE1WT.
Previous experiments have demonstrated that HSF-dependent activation of CUP1 in response to heat and oxidative stress is absolutely dependent on HSE1 (36, 63) . Here, we have shown that although neither HSE1 nor HSE2 functions to activate heat-inducible expression in the context of a fusion to the yeast CYC1 core promoter, HSE2 plays an important role FIG. 6 . DNase I footprinting analysis of yHSF bound to the CUP1 promoter. The 32 P-labeled CUP1 promoter fragments used in DNase I footprinting reactions are described in Materials and Methods, and the sequence of CUP1 encompassing HSE1 and HSE2 is shown in Fig. 2A . The concentration of CUP1 probe in all binding reactions was 0.6 nM, and the probes were labeled at the 5Ј end on the bottom strand. Binding reactions were set up, and after 30 min at room temperature, DNase I was added as described in Materials and Methods. The reactions were terminated and loaded directly onto the modified EMSA gels used for K d determinations. DNA was eluted from the protein-DNA complexes in the EMSA gel, denatured, and loaded on a standard DNA sequencing gel as described in Materials and Methods. VOL. 18, 1998 HSE STRUCTURE MODULATES HSF ACTIVITYin modulating CUP1 expression through HSE1. The inability of HSE2 alone to function as an activating HSE, even in the context of the CUP1 promoter, may in part be due to its low affinity for yHSF, a consequence of the altered spacing between each of the three pentamers (2, 30, 71) . This architecture of HSE2 may also affect structural changes in the CUP1 promoter DNA upon binding of yHSF. DNase I treatment of yHSF-CUP1 promoter DNA complexes results in hypersensitive sites within and adjacent to HSE2, suggesting that the binding of yHSF to the CUP1 DNA induces conformational changes in the DNA. Hypersensitive sites have been observed in DNase I treatment of mHSF1-and mHSF2-HSE complexes (31) . Although HSE2 is incapable of autonomously driving yHSF-dependent activation of CUP1 transcription and is bound by yHSF with low affinity, the occupation of HSE2 has dramatic effects on stress-dependent activation of CUP1 transcription and the manner in which HSE1 is bound by yHSF. The generation of a form of HSE2 incapable of binding yHSF renders CUP1 heat inducible transcription hyperactivated at 37 and 39°C, in a manner similar to the conversion of CUP1 HSE1 to HSE1P. Furthermore, consistent with potential interactions between yHSF trimers bound both at HSE1 and HSE2, DNase I footprinting assays demonstrate that the occupation of HSE2 alters the manner in which yHSF is bound at HSE1. Studies of the Drosophila hsp70 promoter have demonstrated the presence of a high-and a low-affinity HSE, the latter of which plays a critical role in the heat-inducible transcriptional response (65) . It is interesting that an HSE found in the human prointerleukin 1-␤ gene, which consists of only two pentameric units, fails to serve as a heat shock-inducible element but restrains expression from the promoter in response to heat shock jointly administered with the inducer, lipopolysaccharide (13) . It is thought that this may provide a mechanism to temper the inflammatory response. Furthermore, Westwood et al. have demonstrated the binding of Drosophila HSF to chromosomal loci that far exceed the predicted number of heat shock-inducible genes (67). These observations, taken together with the data described here, suggest that in addition to their role as genespecific positive transcriptional regulatory elements, HSEs might modulate both HSF activity and the activity of distinct cis-acting promoter elements. Similar context-dependent activation or repression has been observed with the retinoic acid receptor bound to its cognate DNA response element (34) . The organization of the CUP1 HSE1 is very similar to that of the HSE1 in the HSP82 and HSC82 genes. We found that the heat shock induction of these three genes is highly dependent on the yHSF CTA. Like CUP1, HSP82 and HSC82 have multiple HSEs; however, others have shown that only the HSE1 of HSP82 and HSC82 is constitutively occupied in vivo (18) . Giardina and Lis have shown that there is a change in the in vivo footprint of the HSP82 HSEs following heat shock (24) . The changes in HSF-DNA binding upon heat shock were seen mainly on the low-affinity HSEs, HSE2 and HSE3 of HSP82. The binding of yHSF to these weaker HSEs in the HSP82 promoter was transient, and these sites were largely unoccupied once cells progressed through a recovery stage and into the non-heat-shocked stage. It may be that a similar situation occurs on the CUP1 promoter with HSE1 representing the constitutively occupied HSE with HSE2 occupied only upon stress induction. This is consistent with in vitro DNA binding studies performed in this report showing that HSE2 is a lowaffinity site. Our DNase I footprinting assays demonstrate that the occupation of HSE2 alters the manner in which yHSF is bound at HSE1 and perhaps in vivo occupancy of HSE2 following stress induction tempers the transcriptional response of CUP1. The Hill coefficient for the HSE2M was approximately 1.5, suggesting that a second trimer may be only weakly bound to HSE1. The occupancy of HSE2 upon stress induction may also act to stabilize yHSF bound to HSE1. Future in vivo footprinting experiments will address these possibilities.
How do the specific architecture of HSE1 and the presence of HSE2 impart unique HSF-dependent regulatory characteristics to CUP1? One mechanism may be that HSF binds to the CUP1 HSE1 with less cooperativity than for a large contiguous HSE, thereby leading to a tempering of CUP1 expression. mHSF1 and mHSF2 differ in the potential for cooperative interactions with HSEs: mHSF1 binds cooperatively to extended HSEs much like that found in the SSA3 gene, and mHSF2 has a binding preference for HSEs harboring two or three pentamers like that in the CUP1 promoter (30, 31) . Since the DNA binding domain of yHSF may be more conformationally flexible than that of mHSF1 or mHSF2 (20) , perhaps FIG. 7 . yHSF binds to the CUP1 HSEWT, HSE1P, and HSE2M with distinct conformations. (A) The partial proteolysis with chymotrypsin of the HSF-HSEWT complex is compared with that of the HSF-HSE1P and HSF-HSE2M complexes. Binding reactions containing the indicated probe were carried out exactly as described for Fig. 5 except that all lanes contained 1.5 ϫ 10 Ϫ8 M HSF. Following the standard binding assay, chymotrypsin was added to all reactions except those in lanes 1, 6, and 11. The HSF-HSE complexes in lanes 2 through 4, 7 through 9, and 12 through 14 were digested with 0.01, 0.1, and 1 ng chymotrypsin, respectively. Binding reaction mixtures were incubated for 10 min following chymotrypsin addition before loading onto EMSA gels. The chymotrypsin inhibitor chymostatin (1 g) was added to the samples in lanes 5, 10, and 15 immediately prior to chymotrypsin (1 ng) addition. Bound HSF-HSE complexes (B) and free probe (F) are indicated. (B) Graphical representation of the results from time course assays of partial proteolysis of HSF-HSE complexes. Experimental conditions were as for panel A except that chymotrypsin digestion (1 ng) was carried out for the indicated time followed by chymostatin addition to terminate the digestion prior to loading onto EMSA gels. The bound HSF-HSE complexes (B) and free probe (F) were quantitated with a PhosphorImager and plotted. The data represent the averages of two separate experiments. yHSF extracts binding site context information to influence the level of cooperativity used to bind a given promoter. However, our results suggest that yHSF binds to the CUP1 HSE1WT, HSE1P, and HSE2M with nearly identical levels of apparent cooperativity. It is also possible that when bound to HSE1, HSF adopts a conformation that alters its interactions with the basal transcription machinery in the core promoter of the CUP1 gene. Indeed, our results which demonstrate that a consensus HSE from SSA3, or the CUP1 HSE1P but not the CUP1 HSE1WT element, can confer heat-inducible expression to the CYC1 basal promoter are consistent with a requirement for the adaptation of distinct HSF conformations on the different HSEs. Consistent with this idea, substitution of the Gcn4 leucine zipper for the yHSF trimerization domain has recently demonstrated that the oligomeric state of the DNA-bound HSF-Gcn4 chimeric protein depends on the number and orientation of pentameric units within the HSE (17). Therefore, it is possible that the HSE structure can similarly influence the overall yHSF conformation. The in vitro DNA binding, in vivo gene expression, and protease sensitivity assay results described here are consistent with a change in the conformation of DNA-bound yHSF. The digestion of yHSF-HSE complexes with chymotrypsin shows that a yHSF surface is more readily accessible to the protease in the yHSF-HSEWT complex than it is in the yHSF-HSE1P complex. The ability of DNA to induce conformational changes in transcription factors has been previously proposed for the nuclear hormone receptors (61), the yeast pheromone/receptor transcription factor (64), and nuclear factor NF-B (p50) 2 (22) . Therefore, it is possible that HSE structure can similarly influence the conformation of yHSF, and perhaps the extended linker region in yHSF facilitates such changes.
What might be the mechanisms by which HSEs with contiguous pentamers exhibit a reduced dependence on the yHSF carboxyl-terminal activation domain compared to CUP1? Since the CTA is known to harbor an additional coiled-coil domain (14) , it is conceivable that this region (HSF584-833) is responsible for intermolecular interactions that serve to stabilize yHSF trimers on the CUP1 promoter or to augment interactions between yHSF trimers bound at HSE1 and HSE2. It is also possible that yHSF receives context information from the HSE that specifies which functional surfaces of yHSF will be presented to the transcriptional machinery or to other, non-DNA binding regulatory factors. The chymotrypsin sensitivity data suggest that a gapped HSE such as the CUP1 HSE1 might induce a conformation of HSF which more efficiently utilizes the C-terminal rather than the N-terminal transactivation domain. The more canonical HSE such as HSE1P might result in more of the HSF N-terminal than C-terminal transactivation domain being presented to the transcriptional machinery. A similar mechanism has been proposed to dictate whether the glucocorticoid receptor functions through its response element as a transcriptional activator or repressor (61) . As we show here, the architecture of HSEs in the CUP1, HSC82, HSP82, and HSP70 family of genes plays an important role in the features of the heat shock transcriptional response. Perhaps the sequences of these promoter HSEs have evolved to facilitate differential use of the yHSF transactivation domains and thus impart distinct characteristics to the heat shock transcriptional response. Although HSFs are regulated at many levels in response to stress, these studies demonstrate that promoter context represents a further level for regulation of transcription during the stress response.
